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Abstract
MEMS thermal shear-stress sensors exploit heat-transfer effects to measure
the shear stress exerted by an air flow on its solid boundary, and have
promising applications in aerodynamic control. Classical theory for
conventional, macroscale thermal shear-stress sensors states that the rate of
heat removed by the flow from the sensor is proportional to the 1/3-power of
the shear stress. However, we have observed that this theory is inconsistent
with experimental data from MEMS sensors. This paper seeks to develop an
understanding of MEMS thermal shear-stress sensors through a study
including both experimental and theoretical investigations. We first obtain
experimental data that confirm the inadequacy of the classical theory by
wind-tunnel testing of prototype MEMS shear-stress sensors with different
dimensions and materials. A theoretical analysis is performed to identify
that this inadequacy is due to the lack of a thin thermal boundary layer in the
fluid flow at the sensor surface, and then a two-dimensional MEMS
shear-stress sensor theory is presented. This theory incorporates important
heat-transfer effects that are ignored by the classical theory, and consistently
explains the experimental data obtained from prototype MEMS sensors.
Moreover, the prototype MEMS sensors are studied with three-dimensional
simulations, yielding results that quantitatively agree with experimental data.
This work demonstrates that classical assumptions made for conventional
thermal devices should be carefully examined for miniature MEMS devices.
(Some figures in this article are in colour only in the electronic version)
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1. Introduction
When a fluid flows over a solid surface, viscous effects
generate shear stress, or skin friction, on the surface.
Knowledge of such wall shear stress is essential for
understanding the dynamics of fluid flow, and its measurement
holds great importance for investigating and controlling
wall-bound turbulence and flow separation in aerodynamic
control [1–5]. A large number of shear-stress measurement
instruments have been developed, which are either based on
direct methods using a force transducer, or indirect methods
that detect changes in physical parameters other than the force
resulting from shear stress [6, 7].
Miniaturized shear-stress sensors fabricated using MEMS
technology offer superior spatial resolution, fast time response
and minimized interference with fluid flow. MEMS shear-
stress sensors can be based on direct methods, typically
using micromachined force-sensitive floating elements [8–12].
These devices offer direct shear-stress measurement
capabilities but are susceptible to contamination by dust and
moisture from the medium. MEMS shear-stress sensors
that exploit thermal effects generally do not suffer from this
limitation. Thermally based shear-stress measurements are an
indirect method, and there have been extensive developments
of conventional thermal shear-stress measurement devices
[13–16]. MEMS thermal shear sensors, in comparison, are
miniaturized (∼200 µm in dimensions) to allow maximal
spatial resolution, minimal power consumption and negligible
flow interference, and can be batch-fabricated inexpensively.
Since their initial demonstration [17, 18], much progress
has been made in further development of MEMS thermal
sensors for shear-stress measurements. This includes
prototypes with alternative sensing element configurations and
materials [19–23], and investigations of sensor characteristics
such as thermal insulation, frequency response, pressure
sensitivity and noise floor spectra [24–26]. In addition,
MEMS shear-stress sensors have been fabricated in arrays
on rigid [27] and flexible substrates [28, 29], integrated with
signal conditioning circuitry [23, 28, 29] and applied to flow
sensing and control in both air [30] and water [31]. Recently,
there have also been numerical simulations on MEMS thermal
shear-stress sensors to study the effect of natural convection
on the fluid velocity profile [32] as well as the effect of heat
conduction in the sensor substrate on frequency response [33].
Thermal shear-stress sensors exploit the dependence of
heat transfer from a heated sensing element (or hot wire)
on the applied shear stress and classical theory states that
the rate at which heat is removed from the hotwire by the
flow is proportional to the 1/3-power of the shear stress [7].
This theory has been applied to MEMS shear-stress sensors
in the past due to the lack of a microscale sensor theory
[21, 23, 26, 27]. However, we have observed that this law
is often inconsistent with experimental data. This suggests
that there may be phenomena that the classical theory does
not consider, and that new understanding of the operation
of MEMS thermal shear-stress sensors should be developed.
This paper presents a study including both experimental and
theoretical investigations to address this issue. By wind-
tunnel testing of prototype MEMS shear-stress sensors with
different geometric dimensions and materials, we first obtain
experimental data that confirm the inadequacy of the classical
theory. A theoretical analysis follows, identifying that this
inadequacy is due to the lack of a thin thermal boundary layer in
the fluid flow near the sensor surface. Then, a two-dimensional
MEMS shear-stress sensor theory is developed. We show
that by incorporating important heat-transfer effects that are
ignored by the classical theory, the new model consistently
explains the experimental data obtained from all prototype
MEMS sensors tested. Moreover, we also present three-
dimensional simulations of the prototype MEMS sensors to
gain a quantitative understanding of these devices. This work
demonstrates that classical assumptions made for conventional
thermal devices should be carefully examined for miniature
MEMS devices.
2. Sensor design and fabrication
This section reviews the design and fabrication of MEMS
thermal shear-stress sensors that were used in the experiments
and simulations. A schematic of such sensors is illustrated
in figure 1 [17, 23, 27]. The sensor consists of a polysilicon
thin-film resistor on a silicon nitride or Parylene diaphragm,
which in turn is suspended from the supporting substrate by
a vacuum or air cavity. An electric current is passed (via
aluminum metallization) through the resistor which functions
as a hot wire. A vacuum or air cavity underneath the diaphragm
is used to maximize thermal isolation. To measure shear stress
exerted by a fluid flow on a solid wall, the sensor is mounted on
the wall in such a way that the uncovered diaphragm surface
is flush with the wall and the hot wire is perpendicular to the
fluid velocity or shear stress which is proportional to the fluid
velocity gradient at the wall. Since the heat transfer from
the hot wire to the fluid flow is dependent upon the velocity
profile, shear stress can be determined from the hot wire’s
thermal characteristics. Specifically, the measurement can be
performed in constant-current mode, by passing a constant
electric current through the hot wire and monitoring the hot
wire temperature [7]. Alternatively, as is pursued in this paper,
the measurement can occur in constant-temperature mode. In
this case, feedback control is used to maintain the hot wire at a
fixed temperature, and the electric power consumed in the hot
wire is measured to obtain the shear stress.
The prototype sensors were fabricated using surface-
micromachining technology, and were based on either silicon
nitride or Parylene diaphragms. The process for fabricating
nitride-based sensors [17, 18, 27] began with a wafer that
was coated with LPCVD silicon nitride. The nitride was RIE
patterned to define the vacuum cavity, followed by an RIE
etch of the exposed silicon. Local thermal oxidation was then
performed with the nitride as a mask until the oxide grew
to fill the nitride–silicon cavity. Next, a thin phosphosilicate
glass (PSG) layer was deposited and patterned to form the
etch channels. A second LPCVD silicon nitride layer was
deposited, and patterned to open the etch holes. The cavity was
then formed by removing the PSG/oxide using concentrated
HF. A polysilicon layer was deposited, boron doped, annealed
and RIE patterned to form the hot wire. The cavity was also
sealed by this polysilicon layer. A fabricated nitride-based
shear-stress sensor is shown in figure 2(a).
The fabrication of Parylene-based sensors, which were
integrated with on-chip electronics, was based on a
1641
Q Lin et al
(a) (b)
Vacuum/Air
Flow
A - A
tA A
Substrate
Poly-Si
Hotwire
SiN/Parylene
Diaphragm Al Metallization
Figure 1. Schematic of MEMS thermal shear-stress sensors.
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Figure 2. MEMS shear-stress sensors using (a) nitride and (b) Parylene diaphragms.
Table 1. Design dimensions (figure 1) and measured properties of the MEMS prototype shear-stress sensors used in wind-tunnel tests.
Sensor
Thin-wire Thin-nitride Thick-nitride Parylene
Property
2L × B × t (µm3) 210 × 210 × 1.5 210 × 210 × 1.5 210 × 210 × 3 210 × 90 × 1.5
lw × bw × tw (µm3) 150 × 3 × 0.5 150 × 7 × 0.5 150 × 7 × 0.5 150 × 10 × 0.5
R0 (k) 2.05 1.43 1.48 0.38
αT (10−3/◦C) 0.85 1.07 1.07 1
Tw − T∞ (◦C) 118 93.5 93.5 100
post-CMOS process [23]. The biasing circuitry was
first fabricated at Mitel Semiconductor (now Zarlink
Semiconductor) with a 2 µm p-well double poly/double
metal CMOS process. The hot-wire sensing element was
formed using the gate polysilicon layer. The post-CMOS
process began with the selective removal of the metal
and dielectric layers in the sensor areas. A 1 µm thick
Parylene-N layer was then deposited at room temperature
and patterned by oxygen plasma etching to open releasing
holes. Next, bulk silicon underneath the polysilicon
sensing element was removed by BrF3 through the releasing
holes. A second layer of Parylene-N (2 µm) was then
deposited. Since Parylene deposition is conformal, about
0.5–1 µm of Parylene was also deposited on the backside of the
sensor diaphragm. Oxygen plasma etch back was performed
to thin down the diaphragm and remove Parylene from the
sensing element. A fabricated Parylene-based shear-stress
sensor is shown in figure 2(b).
3. Wind-tunnel experiments
We have conducted wind-tunnel experiments with four
prototype MEMS shear-stress sensors fabricated using the
processes described above. Three of the sensors (figure 2(a))
had a polysilicon hotwire on a silicon-nitride diaphragm, and
are here descriptively referred to as the ‘thin-wire’, ‘thin-
nitride’ and ‘thick-nitride’ sensors according to their relative
hot-wire and diaphragm dimensions. In the fourth sensor,
referred to as the ‘Parylene’ sensor, the polysilicon hot wire,
reinforced by a 25 µm wide dielectric layer, resided on
a Parylene diaphragm (figure 2(b)). The specific design
dimensions of these sensors are given in table 1.
To ensure uniform testing conditions and consistent
testing results, the chips carrying the four prototype sensors
were placed on a single PC board, as shown in figure 3.
The PC board was then flush-mounted on a specially made
plug that fitted into the wall of a wind tunnel, with the hot
wire perpendicular to the flow. The wind tunnel supplied a
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Figure 3. MEMS shear-stress sensors packaged on a single PC
board.
two-dimensional channel flow [17]. The channel was 4.87 m
long with a cross-sectional area of 60 cm × 2.54 cm. The
channel walls were constructed of 2.5 cm thick Plexiglas and
supported by a steel frame. An axial blower powered by
a dc source supplied the air flow in the channel. At the
highest blower speed, the centerline velocity in the channel
was about 25 m s−1. Hotwire velocity measurements at 10 m
s−1 indicated that the channel consisted of a laminar entrance
flow region which gradually transformed into a fully developed
turbulent flow in the downstream 2/3 portion of the channel.
All calibration and testing of the prototype sensors were carried
out in this region of the channel. The wall shear stress was
determined from the centerline velocity Uc in the channel using
the correlation τ = ρU 2t , where Ut = 0.1079Re−0.089Uc,
Re = Ucd/ν, ρ and ν are the air density and kinematic
viscosity and d is the half-height of the channel (1.27 cm) [17].
During testing, each sensor was biased with feedback
control so that the resistive overheat ratio was maintained at
10%, i.e., R/R0 = 0.1, where R = R − R0, and R0
and R are the hotwire resistances at ambient (or room) and
operating temperatures T∞ and Tw, respectively. Therefore,
the average hotwire temperature was maintained constant
with Tw − T∞ = (R/R0)/αT, where αT is the temperature
coefficient of resistivity of the polysilicon hotwire. The values
of R0, αT and Tw − T∞ are listed in table 1. Fluctuations
in ambient temperature were compensated with on-chip
polysilicon thermistors.
The results from wind-tunnel testing of the prototype
sensors are presented in figure 4. Here, P is the hot-wire
power corresponding to shear stress τ , P0 = P|τ=0 is the hot-
wire power with air still. Thus, (P – P0)/P0 is the relative net
hot-wire power due to shear stress. The figure shows that
the hot-wire power for the nitride-based sensors increases
monotonically with shear stress. On the other hand, for
the Parylene sensor, the hot-wire power initially exhibits a
slight decrease with shear stress, and then monotonically
increases. This unexpected phenomenon could be attributed
to the piezoresistivity of polysilicon and needs to be further
investigated. The experimental data from the four prototype
sensors can be used to examine the validity of classical thermal
shear-stress sensor theory, which states that the hot-wire power
is proportional to the 1/3-power of the shear stress. That is,
(P – P0)/P0 plotted with respect to τ 1/3 would appear as a
straight line. This is clearly not true in figure 4, suggesting
that classical theory is not valid for the MEMS shear-stress
sensors.
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5
3
τ1/3 (Pa1/3)
(P
−
P 0
)/P
0 
(%
)
Thin−Wire
Thin−Nitride
Thick−Nitride
Parylene
Figure 4. Shear-induced net hot-wire power versus τ 1/3, measured
from four prototype sensors.
4. Inadequacy of classical theory for macroscale
shear-stress sensors
The classical shear-stress sensor theory [7] is examined in this
section to elucidate the fundamental reason for its inadequacy
when applied to MEMS sensors. This theory is concerned
with a two-dimensional fluid flow over a plane surface. The
temperature at the surface is at ambient (T∞) except over a
heated length l = 2L, where the temperature is Tw. The theory
assumes that δ  l (or equivalently δ  L), i.e., the thermal
boundary layer (the heated region in the fluid) is thin compared
to the heated length. In a coordinate frame with the x-axis on
the surface and in the direction of the flow, and the y-axis
perpendicular to the surface, the heat transfer in the flow is
governed by the equation
u
∂T
∂x
= α ∂
2T
∂y2
, (1)
where T is the fluid temperature and α the fluid’s thermal
diffusivity. Note that constant material properties are assumed
throughout this paper. Under the assumption that the thermal
boundary layer is also thin compared with the velocity
boundary layer, the flow velocity u, which may vary with
time, is given by the linear relationship [7]
u = τy
µ
, (2)
where µ is the fluid’s dynamic viscosity. Solving this problem
yields the following classical result:
P − P0
k(Tw − T∞)B = 1.28
(
τL2
αµ
)1/3
. (3)
That is, the heating power transferred to the fluid over the
heated length is proportional to τ 1/3.
Here, it is important to note that the classical result is
based on the assumption that the thermal boundary layer is
thin compared with the heated length on the surface. From
equations (1) and (2), the thermal boundary layer thickness δ,
defined as the vertical distance from the heated plane at
which (T − T∞)/(Tw − T∞) = 0.01, is found to be δ/L =
3.68(τL2/αµ)−1/3. Thus, the thin thermal boundary
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Figure 5. Two-dimensional MEMS shear-stress sensor model.
assumption δ/ l  1 can be expressed in terms of shear stress
as
τL2
αµ
 50. (4)
Equation (4) is the condition that must be satisfied in order
for the classical theory to be valid, and can be examined (with
L taken to be the diaphragm half-length) for the prototype
MEMS sensors. With the thermophysical properties of
air evaluated at the average of the hot-wire and ambient
temperatures, we find that τL2/αµ < 19.1 for the nitride-
based sensors, and τL2/αµ < 3.42 for the Parylene sensor.
This indicates that the condition (4) is not satisfied, and
the thermal boundary layer is not thin compared with the
diaphragm length. As a result, the classical shear-stress theory
is not valid for the MEMS sensors.
5. Two-dimensional model for MEMS shear-stress
sensors
Given the inadequacy of the classical theory, this section
presents a two-dimensional model for MEMS shear-stress
sensors. By ignoring three-dimensional heat-transfer effects,
this model allows simplifications that effectively reduce
the problem complexity, but yet capture the essential
characteristics of MEMS sensors. In particular, the model
allows for thermal boundary layers that are comparable with
sensor dimensions, and accounts for heat conduction in the
diaphragm. Note that the inclusion of heat conduction in the
diaphragm is important, as heat flux computations with abrupt
changes in the prescribed surface temperature, as assumed
in the classical model, are ill posed in the absence of a thin
thermal boundary layer.
The two-dimensional MEMS sensor model is illustrated
in figure 5. The heat-transfer problem considered involves
forced convection in the fluid coupled with heat conduction
in the diaphragm, which has length 2L. The diaphragm’s mid-
point is maintained at constant temperature Tw, representing
the hotwire. This essentially ignores the hot wire’s streamwise
width, which is much smaller than L. In the coordinate frame
shown in the figure, forced convection in the fluid is governed
by [34]
u
∂T
∂x
= α
(
∂2T
∂x2
+
∂2T
∂y2
)
, (5)
where the flow has been assumed to be either steady or
vary with time at a sufficiently slow rate so that the heat
transfer is in pseudo-steady state (i.e., the temperature field
can be determined from steady-state governing equations)
[7]. Contributions of natural convection and radiation to heat
transfer have been ignored in this equation (see the discussion
in section 6).
Comparing equations (1) and (5), we see that the
classical theory ignores the contribution from streamwise heat
conduction, which is important for MEMS sensors due to the
lack of a thin thermal boundary layer. On the other hand,
the profile of the flow velocity u given by equation (2) is still
valid due to the miniature sensor size. Heat conduction in the
diaphragm, assumed to be in pseudo-steady state, is governed
by
kdt
∂2Td
∂x2
+ k
∂T
∂y
∣∣∣∣
y=0
= 0, (6)
where Td is the diaphragm temperature averaged over the
thickness t (t  L) and kd is the diaphragm’s thermal
conductivity. The coupled heat-transfer problem is closed
by the following boundary conditions: T = Tw for x = 0 and
y = 0; T = T∞ for |x| > L and y = 0 as well as for x → ±∞
or y → +∞; and Td = T as |x|  L and y = 0.
While the solution to this model is generally not in closed
form, its functional form can be identified. Define three
dimensionless parameters by
τ¯ = τL
2
αµ
, ¯P = P
k(Tw − T∞)B , and λ =
kdt
kL
, (7)
where B is the sensor’s spanwise length (figure 1). It can be
shown that the solution to the MEMS sensor model is given
by the dimensionless power ¯P as a function of the thermal
conductivity ratio λ and the dimensionless shear stress τ¯ . That
is, the solution has the functional form
¯P = ¯P(λ, τ¯ ) = ¯P 0(λ) +  ¯P(λ, τ¯ ), (8)
where we have decomposed the dimensionless power into two
components: the hot-wire power in still air ¯P 0 = ¯P(λ, 0), and
the shear-induced net hot-wire power  ¯P = ¯P − ¯P 0.
Equations (5) and (6) can be solved numerically for
the functional relationship (8), and the results are plotted in
figure 6. It can be seen from figure 6(a) that the still-air
hot-wire power increases with the conductivity ratio λ. This
is expected as the heat-transfer rates are higher for more
thermally conducting diaphragms. The increase is nonlinear
at small λ values, and becomes highly linear as λ further
increases. The linearity can be explained by noting that when
λ is sufficiently large and the hot-wire temperature is held
constant (with the sensor in constant-temperature mode), there
is sufficient heat conduction in the diaphragm, so that the
temperature distributions on the diaphragm surface become
insensitive to the specific value of λ. The dependence of
the dimensionless net hot-wire power  ¯P on dimensionless
shear-stress τ¯ and conductivity ratio λ is shown in figure 6(b).
It can be seen that for a given λ,  ¯P always increases with
τ¯ , as expected from the fact that greater shear stress leads to
higher heat-transfer rates. At a given τ ,  ¯P increases with λ,
consistent with the fact that higher diaphragm conductivities
allow for a larger effective heated region on the diaphragm
surface and hence increased forced convection heat-transfer
rates. However, the heat-transfer rate quickly becomes
saturated as λ further increases, and an asymptotic temperature
distribution on the diaphragm is achieved.
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Figure 6. Numerical solution of the two-dimensional model: (a) dimensionless hot-wire power in still air, and (b) dimensionless net
hot-wire power induced by shear stress.
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.5
1
1.5
2
2.5
3
τ0.67 (Pa0.67)
(P
−
P 0
)/P
0 
(%
)
Thin−Wire
Thin−Nitride
Thick−Nitride
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.5
1
1.5
τ0.85 (Pa0.85)
(P
−
P 0
)/P
0 
(%
)
Parylene
(a) (b)
Figure 7. Experimentally determined dimensionless net hot-wire power versus (a) τ 0.67 for the nitride-based sensors, and (b) τ 0.85 for the
Parylene sensor.
The numerical solution presented in figure 6 can be
approximated by the following closed-form expressions. For
0.04  λ  5 and 1  τ¯  50, within 5% error we have
¯P 0 = 1.96λ(1 + 0.435/λ0.9),
 ¯P = 1.31λ
0.4τ¯ 1.47
(1 + 2.07λ0.6)(1 + 0.56τ¯ 0.3/λ0.037)5
.
(9)
These correlations provide practically useful design equations,
and also suggest that the net hot-wire power in general is not
a simple polynomial function of shear stress as predicted by
classical theory. However, to gain further insight into the
sensor behavior and the inadequacy of classical theory, the
net hot-wire power can be approximated by polynomials in
smaller shear-stress ranges. Specifically, for 2.5  τ¯  25
(corresponding approximately to 0.15 Pa  τ  1.5 Pa for the
nitride-based prototype sensors),
 ¯P = [0.187λ0.5/(1 + 2.1λ0.59)]τ¯ 0.67 (10)
and for 0.6  τ¯  5 (or approximately 0.2 Pa  τ  1.5 Pa
for the Parylene sensor),
 ¯P = [0.129λ0.45/(1 + 1.81λ0.55)]τ¯ 0.85. (11)
Both of these correlations are obtained in the same range
of conductivity ratio 0.04  λ  5, and hold within 10%
compared with numerical results.
The experimental data are plotted in figure 7 using the
approximate power laws given in equations (10) and (11)
within the appropriate shear-stress ranges. It can be seen that
the net hot-wire power for the nitride-based sensors is indeed
approximately proportional to the 0.67th-power of shear stress
(figure 7(a)), and that for the Parylene also approximately
follows the 0.85th-power law (figure 7(b)). This confirms that
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the two-dimensional shear-stress theory correctly captures the
essential heat-transfer characteristics and predicts the trend in
the MEMS sensor operation.
6. Three-dimensional simulations of prototype
MEMS shear-stress sensors
The two-dimensional theory presented above offers valuable
insight into the qualitative characteristics of the prototype
MEMS shear-stress sensors. This section further seeks to
understand the quantitative behavior of the protoype sensors
by considering three-dimensional heat-transfer effects using a
more accurate representation of the sensor configuration.
The three-dimensional MEMS sensor model is illustrated
in figure 1 and consists of a polysilicon hot wire on a silicon
nitride or Parylene diaphragm. The nitride diaphragm is
thermally insulated from below by a vacuum cavity, and the
Parylene diaphragm by an air cavity. The air cavity, which
generally takes on an irregular shape, is approximated to have
the shape of a rectangular block defined by the diaphragm
length and width, with an estimated average thickness of
20 µm. Since silicon is an excellent thermal conductor, the
substrate surface and the diaphragm edges are assumed to be at
ambient temperature. This has been verified by measurements
in which the substrate temperature in the immediate vicinity
of the diaphragm was found to be no more than 1 ◦C
above ambient, negligibly small compared with the sensors’
operating temperature. The model considers heat conduction
in the polysilicon hot wire, aluminum metallization and nitride
or Parylene diaphragms. For the Parylene sensor, heat
conduction in the air gap below the diaphragm is also included.
Forced convection in the air flow above the diaphragm and
hot wire is included in the model, assuming a linear velocity
profile given in (2). The coupled conduction–convection heat-
transfer problem is solved numerically using the ABAQUS
finite element code.
The effects of natural convection and radiation have been
ignored in the three-dimensional simulations as well as in the
two-dimensional parametrized model (section 5). The fluid
flow induced by natural convection is characterized by the
Grashof number Gr = gβ(Tw − T∞)l3/ν2, where l = 2L, g
is the gravitational acceleration and β is the fluid’s volumetric
thermal expansion coefficient (and ν is again the kinematic
viscosity). To compare the relative significance of natural
convection with respect to forced convection, the Reynolds
number can be defined by Re = (τL/µ)L/ν based on the
fluid velocity at a distance L above the diaphragm for shear
stress τ to characterize the fluid flow associated with forced
convection. For example, at τ ∼ 0.3 Pa, a relatively small
shear stress, it can be calculated that Gr ∼ 0.06 and Re ∼
1.5 for the nitride-based sensors, and Gr ∼ 0.005 and Re ∼
0.3 for the Parylene sensor. Thus, the criterion Gr/Re2  1
is satisfied by all prototype sensors, and natural convection
is negligible compared with forced convection [34]. As for
natural convection effects above the diaphragm at small or
zero shear stress, or below the diaphragm for the Parylene-
based sensor, it can be shown from basic natural convection
equations [34] that the relative contribution of natural
convection to the total hot-wire power is represented by
Gr1/2ν/α < ∼0.2, and can therefore be reasonably ignored
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Figure 8. Calculated distribution of the air temperature (Tw – T∞ in
◦C) above the silicon nitride diaphragm of the thin-wire sensor at
τ = 1 Pa.
considering the resulting significant simplification of the heat-
transfer problem.
The total radiation heat loss from the two sides of the
diaphragm is estimated to be a few tens of microwatts in the
worst-case scenario where the diaphragm surface emissivity
is unity. This is about 1% of the still-air hot-wire power (of
the order of milliwatts as given in table 1), but is comparable
to the net hot-wire power exclusively contributed by shear
stress. Fortunately, in the constant-temperature mode of
sensor operation, the small shear-induced hot-wire power
does not significantly change the temperature distribution of
the diaphragm. As the total radiation heat loss is primarily
determined by this temperature distribution, the total radiation
heat loss should be largely independent of shear stress and
cancel out in the shear-induced net hotwire power. The
simplification of ignoring heat radiation in the model is thus
acceptable.
The coupled conduction–convection heat-transfer
problem has been solved using ABAQUS. In the simulations,
the thermophysical properties of air are calculated at the
average thermal boundary layer temperature Tav = (Tw +
T∞)/2 (with ambient temperature taken to be T∞ = 25 ◦C)
from published data [34]. The thermal conductivities of
polysilicon, silicon nitride, Parylene-N and aluminum are
given nominal values 34, 3.2, 0.128 and 237 W m−1 K−1,
respectively. Figure 8 depicts the distribution of air
temperature (relative to ambient temperature) in the
streamwise vertical plane of symmetry for the thin-wire
sensor (with nominal material properties and geometric
dimensions), when operating at a constant average hot-wire
temperature of 118 ◦C (see table 1) above room ambient
at shear stress τ = 1 Pa. In the figure, the x-axis is on the
diaphragm and aligned with the flow, while the z-axis is
perpendicular to the diaphragm and points into the flow. The
origin is at the center of the hot wire. It is customary to define
the thermal boundary layer as the region in the air in which
(T – T∞)/(Tw – T∞) > 0.99. Thus, the thermal boundary
layer is bounded by the level set T – T∞ = 1.18 ◦C. It can
be seen from the figure that this region extends far beyond
a thin layer above the diaphragm. This confirms that a thin
thermal boundary layer does not exist for the MEMS sensor
and therefore the classical theory is inappropriate.
We now compare numerical simulation results with
experimental data. When nominal material properties are used,
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Figure 9. Comparison of simulation and experimental results: (a) total hot-wire power, and (b) relative net hot-wire power.
the simulations provide predictions with the correct order of
magnitude, with relative errors of 1.6%, 16%, 34% and 10%
as compared with experimental results for the four prototype
sensors, respectively. This is satisfactory as it is known that
the material properties are commonly process dependent and
may significantly deviate from their nominal values, and that
geometric dimensions of the sensors may also deviate from
the design values due to die-to-die non-uniformities. These
uncertainties can generally be manifested in the product of the
diaphragm thermal conductivity and thickness. Hence, this
product was allowed to be adjusted in the simulations to be
2%, 29%, 60% and 50% larger than the nominal values for
the thin-wire, thin-nitride, thick-nitride and Parylene sensors
in the simulations. The simulation results thus obtained are
compared with the experimental data in figure 9. Excellent
agreement can be observed for the total hot-wire power. As
shown in figure 9(a), in a shear-stress range from 0 to 1 Pa,
relative errors between the simulation and experimentally
determined hot-wire power are smaller than 0.2% for all four
prototype sensors. This confirms that our three-dimensional
model provides a valid quantitative description of the MEMS
sensors tested.
The simulation results are further compared with the
experimental data in terms of the net hot-wire power in
figure 9(b). It can be seen that the net hot-wire power
is a second-order quantity, accounting for less than 3% of
the overall hot-wire power. Even for this small quantity,
good agreement can be observed between the simulations
and experiments, especially at relatively high shear-stress
levels, where forced convection, the primary heat-transfer
mode considered in the model, is most significant. The
associated relative error is smaller than 3% for all prototype
sensors except the thin-wire sensor, for which a relative error
of 12% is observed. It is interesting to note that these errors in
net hotwire power are insensitive to the choice of the material
and geometric properties that are adjusted for the total hotwire
power computations, and is essentially the same at a given
shear stress even for the nominal values of these properties.
The larger relative error for the thin-wire sensor could have
been caused by the more significant temperature dependence
of the heat-transfer problem, as this sensor operated at a
temperature at least 20% higher than the other sensors. This
needs to be further investigated using nonlinear heat transfer
simulations.
7. Conclusions
An experimental and theoretical investigation of MEMS
thermal shear-stress sensors has been presented. A set
of microfabricated prototype shear-stress sensors that were
based on silicon nitride or Parylene diaphragms were used to
perform consistent shear-stress measurements in a wind tunnel
to characterize the operating principle of such miniaturized
devices. The testing results have confirmed that classical
hot-wire shear-stress sensor theory, which states that the net
hot-wire power is proportional to the 1/3-power of shear stress,
is invalid for the MEMS sensors at shear-stress levels measured
in the wind-tunnel experiments. To gain a fundamental
understanding of this discrepancy, we carefully examined the
validity conditions of the classical theory, and found that the
inadequacy is caused by the lack of a thin thermal boundary
layer at the MEMS sensor surface. We then presented a
two-dimensional theory that considers heat conduction in
the diaphragm as well as forced convection in the air flow.
A dimensionless hot-wire power and a dimensionless shear
stress are defined in the theory, and are related by closed-
form correlations that are parametrized by a dimensionless
conductivity ratio. When applied to the prototype MEMS
sensors, the theory predicts that the net hotwire power is
approximately proportional to the 0.67th and 0.85th powers
of the shear stress for the nitride-based sensors and the
Parylene-based sensor, and these functional relationships
correctly predict the trend in the experimental data. To
obtain a quantitative understanding of the prototype sensors,
simulations have also been performed using a more accurate,
three-dimensional representation of the sensors. Excellent
agreement is observed between the numerical simulations
and experimental data. In particular, when material and
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geometric properties of the sensors are allowed to be adjusted
to account for possible deviations of these properties from their
nominal values, the total hot-wire power obtained from the
simulations is within 0.2% of that determined experimentally
for all prototype MEMS sensors. Satisfactory agreement for
the net hot-wire power, a small second-order quantity that is
exclusively due to shear stress and accounts for less than 3% of
the total hot-wire power, has also been observed with a relative
error smaller than 12%.
The investigation presented in this paper captures
the essential characteristics of MEMS thermal shear-stress
sensors. There are, however, several issues that need to be
further addressed. The first issue concerns unmodeled heat-
transfer effects, which include quantitative natural convection
and radiation effects, as well as temperature dependence of
material properties. In particular, it is well known that
the thermophysical properties of air are quite sensitive to
temperature. Over a temperature range of 100 ◦C, these
properties can vary from 20% to 70% [34]. While it
was appropriate to use constant material properties as a
first approximation, the inclusion of temperature-dependent
material properties is expected to yield further accuracy
improvements. Second, we have observed that the Parylene
sensor exhibits a slight dip in hot-wire power at low shear
stresses, and the reason for this phenomenon needs to be
further investigated. Finally, the two-dimensional theory
allows for insight into the general trend in the MEMS sensor
behavior, but does not yet allow for quantitative evaluation
of sensor characteristics, as three-dimensional heat-transfer
effects that commonly exist in practical MEMS sensors are not
included. While the three-dimensional simulations presented
in this paper accurately account for these effects, they are
not parametrized and cannot be reused if the sensor design is
modified. Thus, further work needs to be conducted to develop
parametrized, closed-form correlations, much like those for
the two-dimensional theory presented in this paper, which
accurately account for three-dimensional heat-transfer effects.
Our work on developing such parametrized three-dimensional
shear-stress sensor models will be reported in a separate
publication.
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